In 2004 and 2005, exceptionally large runs of sockeye salmon (Oncorhynchus nerka) to the Alagnak River system in Bristol Bay, Alaska, coincided with weak runs to the nearby Kvichak River system. Restricted fishing to protect the Kvichak populations resulted in densities on the Alagnak River system's spawning grounds that were 11.5-fold (in 2004) and 9.0-fold (in 2005) above the long-term average. Carcass sampling indicated that 23% (2004) and 44% (2005) of the potential egg deposition was lost to prespawning mortality or incomplete spawning in the Alagnak populations. Much lower levels of egg retentions were observed in spawning populations in the Kvichak River and Wood River systems, where the runs did not appreciably exceed the escapement goals, indicating that density-dependent spawning failure may have occurred. However, in 2005, significantly higher egg retention rates were observed in the Alagnak River system despite slightly lower densities than in 2004, indicating that environmental processes (probably low river levels and high temperatures) influenced prespawning mortality as well. More limited sampling in 2006 revealed only 3% egg retention in one of the Alagnak populations, but the combination of lower density and cooler conditions did not allow us to determine the relative contributions of these two factors to spawning failure. (2005) de la ponte potentielle des oeufs a été perdue à cause de la mortalité avant la fraie et de fraies incomplè-tes dans les populations de l'Alagnak. Nous avons observé des taux beaucoup plus bas de rétention des oeufs dans les populations reproductives des bassins versants de la Kvichak et de la Wood, où les montaisons n'ont pas dépassé de façon appréciable les objectifs de l'échappement; cela indique qu'il s'est peut-être produit un insuccès de la fraie relié à la densité. Cependant, en 2005, nous avons noté des taux significativement supérieurs de rétention des oeufs dans le bassin versant de l'Alagnak malgré des densités un peu plus faibles qu'en 2004, ce qui indique que des processus environnementaux (probablement des niveaux d'eau bas et des températures élevées) ont influencé aussi la mortalité avant la fraie. Un échantillonnage plus restreint en 2006 indique une rétention de seulement 3 % dans l'une des populations de l'Alagnak, mais la combinaison d'une faible densité et des conditions plus fraîches ne nous a pas permis de déterminer les contributions relatives de ces deux facteurs à l'insuccès de la fraie.
Introduction
The tendency for populations to decline in productivity as they increase in density, often referred to simply as density dependence, is fundamental to both our understanding of population ecology and natural resource management. The concepts of maximum sustainable yield and harvestable surplus are predicated on the idea that the populations in question would experience higher per capita mortality or lower reproductive success at high densities, although productivity may also be depressed at very low densities (Liermann and Hilborn 2001 ). Therefore, not only can populations sustain some level of fishing mortality, but mortality actually increases productivity (Ricker 1954 (Ricker , 1975 Beverton and Holt 1957) .
The management of Pacific salmon (Oncorhynchus spp.) is based on the concept of escapement goals, the number of salmon of a given species that will maximize the level of surplus production from a given river system. Ideally, the fisheries are regulated to allow this number of salmon to spawn. The biological basis of the escapement goals depends on the life history of the salmon species (Groot and Margolis 1991; Quinn 2005) . Coho salmon (Oncorhynchus kisutch), Chinook salmon (Oncorhynchus tshawytscha), and steelhead trout (Oncorhynchus mykiss) generally spawn at relatively low densities and produce offspring that rear in streams. The capacity of streams for breeding and incubation of embryos exceeds their capacity to support juvenile salmon, and so food and rearing space have long been believed to control the populations of these species (Chapman 1966) . The production of smolts from such populations is largely determined by the quantity and quality of habitat for rearing (Bradford et al. 1997; Sharma and Hilborn 2001) .
Pink (Oncorhynchus gorbuscha), chum (Oncorhynchus keta), and sockeye salmon (Oncorhynchus nerka) are more numerous and tend to spawn at higher densities (Quinn 2005) , likely because their offspring migrate from the unproductive spawning stream to feed in the ocean (pink and chum salmon) or to a lake (sockeye salmon). Density dependence in these species (and stream-rearing salmonids as well, though perhaps to a lesser extent) may result from several processes on the spawning grounds. First, competition among females for ideal nesting sites may cause latearriving or competitively inferior females to spawn in locations with fine sediment, vulnerability to streambed scour, or other physical factors not conducive to embryo survival (Chapman 1988; Rennie and Millar 2000; Schuett-Hames et al. 2000) . Second, females that spawn late in the season may superimpose their redds over those of females that spawned earlier and died, thereby dislodging the fertilized eggs of the prior occupants (McNeil 1964; Fukushima et al. 1998 ). Both of these processes are supported by behavioral observations. Female chum salmon possessing territories successfully resisted eviction by newly arrived females, forcing the intruders to spawn at suboptimal sites (Schroder 1981) . However, females nearing death were evicted by later-arriving intruders, and when densities were high, territory size decreased, presumably increasing vulnerability to disturbance by nearby females. In addition to these processes during the spawning period, embryos and alevins may die during development, perhaps from low levels of dissolved oxygen, when densities are very high (Heard 1978) .
Another possibility, that females may fail to deposit all of their eggs before death, has been discussed in the literature for decades without a clear consensus. Experiments on pink salmon indicated that "crowding reduces the survival rate by increasing the retention of eggs" (Hanavan 1954, p. 176) , and experiments with sockeye salmon showed higher rates of egg retention early in the season when densities were high than later when densities were lower (Parenskiy 1990 ). On the other hand, only 6.5% of the eggs were retained at death by sockeye salmon in British Columbia, and only 1.6% of the females died before spawning any eggs (Manzer and Miki 1985) . Egg retention may be related to delay in commencing spawning. Female chum salmon that started their nests on the first through fifth days after arrival retained, on average, 52, 95, 101, 177, and 1182 eggs, respectively (Schroder 1973) . Such delay might result from high densities, but egg retention was not a factor in the densitydependent reduction in productivity of sockeye salmon at the Weaver Creek Spawning Channel (Essington et al. 2000) .
Because females compete for spawning sites, early-arriving females should be more likely to spawn completely, whereas later-arriving females might not be able to establish territories. In addition, smaller females might experience egg retention and spawning failure to a greater extent, both because they might not compete successfully with larger females (van den Berghe and Gross 1989) and because they often arrive later than larger females (Hendry et al. 1999) . On the other hand, egg retention in Auke Creek, Alaska, pink salmon was highest early in the season, coincident with high temperatures, and declined later (Fukushima and Smoker 1997) .
In the millennia before heavy fishing by humans, densities of salmon on the spawning grounds would routinely have exceeded their carrying capacity, so Pacific salmon evolved under conditions of strong density dependence. Indeed, analyses of sediment cores indicated large runs in some prehistoric periods, though abundance varied greatly over long time scales (Finney et al. 2002; Schindler et al. 2005) . However, most current management regimes prevent such "overescapement" because the salmon are so valuable, making it difficult to observe the natural processes related to high salmon densities. Nevertheless, the need to protect one population sometimes necessitates very limited fishing on another population if their spatial and temporal overlap is too great to permit selective fisheries. This paper reports an opportunistic investigation of one such situation that took place in Bristol Bay, Alaska, in 2004 and 2005 when exceptionally large runs of sockeye salmon were returned to the Alagnak (also known as the Branch) River system, coinciding with warm, dry conditions in the region. Our primary goal was to quantify the prevalence of prespawning mortality and incomplete spawning, comparing the levels in Alagnak River system populations with populations elsewhere in Bristol Bay where salmon runs approximated the escapement goals. Our secondary goal was to test the hypothesis that larger females would have a lower frequency of incomplete spawning and spawning failure. We assumed that they would be competitively superior to smaller females and also tend to arrive earlier than smaller females and so should be more likely to complete spawning.
Materials and methods

Site descriptions
The many lake systems of Bristol Bay in southwestern Alaska make this region a center of distribution of sockeye salmon. The fisheries (almost exclusively gillnets) are organized into five major districts (Minard and Meacham 1987) centered around the mouths of large rivers draining one or more lakes. Over most of the 20th century, the most important was the Naknek-Kvichak district . The Kvichak River system (including Iliamna Lake and Lake Clark) dominated, producing about 60% of the district's total since 1956, and the Naknek River system contributed about 31%. The remaining 9% came from the Alagnak River system, draining into the lower reaches of the Kvichak River, just above Kvichak Bay (Fig. 1) . In these and other systems in Bristol Bay, most sockeye salmon spawning takes place from late July to mid-September in a variety of creeks and rivers and along beaches of the lakes themselves.
The total escapements have been intensively monitored with tower counts by the Alaska Department of Fish and Game for the Kvichak River and Naknek River systems since 1956 and for the Alagnak River system from 1956-1976 and since 2001. Total escapement has averaged 5.2 (standard deviation (SD) = 5.3) million to the Kvichak and 1.3 (SD = 0.6) million to the Naknek from 1956 through 2006. Alagnak River system escapements, based on tower counts and expanded aerial survey estimates, averaged 0.7 (SD = 1.0) million through 2006 (Clark 2005) . Virtually all of the spawning in the Alagnak River system takes place in four spawning areas ( Fig. 1 ): two lake tributaries where salmon spawn early (Nanuktuk and Moraine creeks), and two lake outlet rivers where salmon spawn later (Battle and Kulik rivers). In 2003, an unusually large escapement of 3.7 million sockeye salmon returned to the Alagnak River system, and in 2004 and 2005, even larger runs of 5.4 million and 4.2 million, respectively, returned. For reasons that are not clear (and beyond the scope of this paper), this period of increased production in the Alagnak River system coincided with low returns to the Kvichak River system. Runs to the Kvichak River system have been consistently weak since the early 1990s, and to protect the Kvichak River populations, fishing in the Naknek-Kvichak District has been restricted to the Naknek River Special Harvest Area in most of the last 10 years. These restrictions have resulted in low exploitation on the Alagnak River populations. The combination of exceptionally large returns (without precedent in 50 years) and low fishing rates resulted in salmon densities on the Alagnak River system's spawning grounds Fig. 1) , and in 2006, only the Moraine-Funnel site was sampled. We compared the site-specific peak aerial survey index count (Clark 2005) in the year of sampling with the long-term average peak aerial survey index count. Sites elsewhere in Bristol Bay, in the Wood River and Kvichak River systems, were sampled as "pseudocontrols" for comparison with the Alagnak River. Differences in habitat quality and lack of directly comparable data preclude objective assessment of density among these different sites, but the Wood River and Iliamna Lake systems did not experience levels of overescapement comparable with those in the Alagnak River in these years. For the Wood River populations, we used the annual counts from foot surveys at the peak of the run and compared the abundance in the year when egg retention was estimated with the long-term average (from 1947 to 2002 in most cases, with occasional missing years). Aerial and foot surveys have well-established weaknesses (Knudsen 2000; Stewart et al. 2003) , so the data are presented graphically rather than analyzed statistically. Nevertheless, they provide some perspective on the relative densities of salmon at the sites we sampled. The Kvichak River system populations were not surveyed for abundance in 2004-2006 so we could not include them in the analysis of density, but the escapements to the system as a whole were 5.5 million in 2004, 2.3 million in 2005, and 3.1 million in 2006.
Field methods
We sampled each site during the period of heavy spawning activity, based on our personal experience, that of other regional biologists, and catalogs of the areas (Demory et al. 1964; Marriott 1964) . Field personnel removed carcasses of female salmon from the water and margins of the streams. We were interested in the extent to which females died of "natural causes" before completing spawning. We therefore did not sample fish that had been killed by bears or if external signs of pecking or missing internal organs and egg skeins indicated that scavenging by gulls or other birds had taken place (Quinn and Buck 2000) , as those data would not represent the fish's condition at death.
Females that were suitable for sampling were measured for length from the middle of the orbit of the eye to the end of the hypural plate, and the body cavity was slit open. If visual assessment indicated that there were <100 eggs in the body cavity, the fish was designated "completely spawned" and no further data were recorded. If >100 eggs were estimated, then all eggs were removed by hand from the body cavity. Females with intact egg skeins (i.e., eggs not loose in the body cavity) were noted as spawning failures but otherwise processed similarly to samples with loose eggs. The entire egg mass was placed into a plastic colander, allowing ovarian fluid to drain away, and the volume was measured by displacement of water in a 500 mL graduated cylinder.
To estimate the number of eggs retained from our data on egg volume, we took subsamples of the retained eggs from 20-30 females at each site and calculated average egg weight from a subsample of 30 eggs from each female (Quinn et al. 1995) . These egg weights were used to estimate the volume retained by that fish, and we also developed population-specific regressions of body length and egg weight to convert the egg volumes to numbers of retained eggs for fish with eggs that were not weighed. In addition, population-specific regressions of fecundity and body length were estimated from the females classified as spawning failures. These regressions were used to standardize the measured volume of retained eggs to an egg retention rate (i.e., retained eggs as proportion of the individual's total fecundity).
In the Wood River and Kvichak River systems, there were so few females classified as spawning failures that we could not estimate population-specific relationships between body length and fecundity (Table 1) . Therefore, egg weight data and fecundity data were pooled among the populations within each of these two systems to estimate egg weightbody length and fecundity -body length regressions. Within the Alagnak River system, samples were sufficient to produce population-specific estimates of egg weight -body length and fecundity -body length regressions. Pooled regressions were estimated for cases where there were no between-year or between-stock differences in these regressions. A three-stock, pooled-year model was the most parsimonious (analysis of covariance (ANCOVA), p < 0.05) and indicated differences between Nanuktuk Creek and Moraine Creek but not between Battle River and Kulik River (so these data were pooled). This model was then used to estimate number of eggs retained and egg retention rate for individual females sampled.
Results
All four of the major spawning areas in the Alagnak River system were sampled in 2004 and 2005 and the MoraineFunnel site was sampled again in 2006 for a total of 4041 carcasses examined (Table 1 ). In 2004, sampling was conducted throughout the spawning period in the Nanuktuk and Moraine creeks (Fig. 2) . The sockeye salmon enter these creeks in late July and spawning is completed in early September. Egg retention rates were very low in these creeks during the early sampling periods but were high later, when high densities of dead fish were observed, ranging from 0.04 to 0.64 and 0.01 to 0.18, respectively, among sampling events. The egg retention rates, weighted by escapement density to represent overall estimates of the annual retention, were 0.23 for Nanuktuk Creek and 0.43 for Moraine Creek.
In 2004, egg retention rate in the Battle River was only estimated once, during the peak of spawning, and the value was high (0.29). The egg retention rate in the Kulik River, observed during a single sampling event early in the spawning period, was relatively low (0.02). We estimated that 23% of the 2004 Alagnak River's potential egg deposition was lost as a result of prespawning mortality or incomplete spawning in 2004, based on the average of the egg retention rates for individual spawning areas, weighted by the peak aerial survey counts for each area.
In 2005, sampling was conducted twice in the each of the four main spawning areas. During periods of heavy spawning, egg retention rates were high in Nanuktuk Creek (0.69), Moraine Creek (0.40), and the Battle River (0.50). In 2005, both sampling events in the Kulik River were early in the spawning period and egg retention rates (0.19) were lower than in the other areas. We estimated that 43% of the Alagnak River's potential egg deposition in 2005 was lost owing to prespawning mortality or incomplete spawning. The 2006 sampling on a single day at Moraine Creek was not adequate to estimate overall egg retention, but the rate was markedly lower than that of the previous years (0.03).
In 2004, the spawning density in each of the four principal spawning areas within the Alagnak River was the highest observed since aerial surveys were initiated, with observed peak aerial counts ranging from 6 to 20 times the historical averages through 2002. Spawning densities were lower in 2005 than in 2004 but still higher than observed before 2004; peak counts ranged from 5 to 10 times the historical average. In both years, the egg retention rate among spawning areas increased with increasing escapement density among spawning areas (Fig. 3) . Egg retention rates were the highest in Nanuktuk Creek and Battle River, areas that had the highest spawning densities. In 2006, the aerial survey of Moraine Creek indicated a density 4.51 times the long-term average.
Egg retention rates observed in the Alagnak River system spawning area were well above those in the other spawning areas (Fig. 3) . Spawning densities were near average levels in the Kvichak River system (total escapement density was 1.1 in 2004 and 0.4 in 2005, relative to the long-term average) and somewhat above average in the Wood River system (Fig. 3) (Table 1) . Based on the pooled egg weight -body length and fecunditybody length regressions and the observed egg retention volumes, egg retention rates in the Kvichak River system in 2004 averaged 0.05 and ranged from 0.0 to 0.17. In 2005, the egg retention rates were higher (average = 0.20, range = 0.07 to 0.39), but in 2006, they were low (0.03).
To test the hypothesis that larger females would experience lower rates of egg retention than smaller females, we reduced the data set to 17 combinations of population and year with at least 80 females and at least 10% with either partial or complete spawning failure for analysis. Then we conducted linear regressions with body length as the independent variable and retention rate as the dependent vari- able. After correction for multiple comparisons, there were two cases in which larger females experienced higher rates of egg retention than small ones (Battle River and Dream Creek in 2004) and one case in which smaller females experienced higher retention rates (Nanuktuk Creek in 2005). However, length explained almost none of the variation in egg retention (r 2 < 0.06 in all these cases), and in the other 14 population-year combinations, there was no significant correlation after correction for multiple comparisons.
Discussion
We observed very high levels of egg retention in Alagnak River spawning populations during 2004 and 2005 in the face of the highest spawning densities observed since escapement enumeration programs began in the 1950s. For the three largest populations (Nanuktuk Creek, Moraine Creek, and Battle River) in the Alagnak River system, extensive sampling in both years coincided with the period of heavy spawning and high densities. It was estimated that 23% and 44% of the potential egg deposition was lost to prespawning mortality or incomplete spawning in 2004 and 2005, respectively. These levels of egg retention were much higher than those observed in spawning populations in the Kvichak River and Wood River systems where spawning densities were near normal. Based on our review of the literature, egg retentions of this magnitude have not been documented in natural spawning populations of salmon and would be a significant component of the overall spawner-recruit relationship. Much lower egg retention rates were observed in the Kulik River. However, we were not able to sample late enough to encompass the period of peak spawning and the estimated egg retentions rates may be lower than the true values for the population.
Our working hypothesis was that density of spawning would be positively associated with egg retention, both through spawning failure and incomplete spawning. Consistent with this hypothesis, the Alagnak River populations had much higher densities, relative to their long-term averages, and higher rates of egg retention than the Wood River and Kvichak River populations. Furthermore, sampling in Moraine and Nanuktuk creeks in 2004 indicated that rates of egg retention generally increased and then decreased with salmon density. In addition, the rate of egg retention tended to increase with relative escapement among the Alagnak populations in both years and among the Wood River populations. However, all four of the Alagnak River populations experienced higher rates of egg retention in 2005 than in 2004, despite lower densities, a result inconsistent with the hypothesis of density dependence. Moreover, the first sampling events of the 2005 season in Moraine Creek and to an even greater extent in Nanuktuk Creek saw very high rates of egg retention, even though sampling at the same time of year in 2004 saw much lower rates. Finally, egg retention rates observed in the Wood River and Kvichak River populations were also higher in 2005 despite generally similar spawning densities in Wood River and lower escapement levels in Kvichak River (Kvichak escapement was 5.5 million and 2.32 million in 2004 and 2005, respectively) . These results were inconsistent with our hypothesis and cause us to believe that significant environmental factors interacted with density to affect prespawning mortality.
In general, the summers of both 2004 and 2005 (and 2003) were characterized by warm, dry conditions in this region. Records from King Salmon, on the nearby Naknek River system, indicated that August 2004 was the warmest on average since records began in 1948 and also had the second-lowest level of precipitation. Records from Iliamna village, on Iliamna Lake, also indicated that 2004 was warm throughout the summer; average daily temperatures were warmer in both for the warmest on record at Iliamna in August (20.6°C, 1.2°C warmer than the next warmest). The average daily maximum in 2005 was 18.3°C.
All these lines of evidence point to exceptionally warm conditions in 2004 but less warm in 2005, when prespawning mortality was even more prevalent. However, the salmon swimming upriver from Bristol Bay and holding in the lakes before spawning would be exposed to temperatures in the lakes, and these showed a different pattern. We have no long-term temperature records from the Alagnak system's lakes, but our data reveal that Iliamna Lake was much warmer in 2005 There are no long-term records of egg retention in any of these populations but the very large escapements in the Kvichak River system in 1960 (14.6 million) and 1965 (24.3 million) motivated some sampling, and fewer than 10% of the females retained >100 eggs (unpublished records and annual reports of the College of Fisheries, University of Washington). Interestingly, the August air temperatures in both of these years were below the long-term average.
The air temperature records do not clearly explain why the fish experienced such high rates of prespawning mortality and egg retention in 2005, though the water temperature records (at least in Iliamna Lake) suggested unusually warm water. In our early season surveys of Moraine and Nanuktuk creeks, and especially Nanuktuk in 2005, we observed many salmon that had just arrived on the spawning grounds, as indicated by the absence of scars from fighting and digging that characterize Pacific salmon after a few days of reproductive activity. Nevertheless, these fish were listless and barely able to maintain themselves against the flow of the river and some died as we watched them, including some in the lake itself below the creek. Examination of the gills revealed extensive fungus in many cases, and the fish may have been deprived of oxygen by a combination of warm water and impaired gill function. In addition, although discharge records are not available for these streams, the flows seemed to be very low for the general width and configuration of the streams. That is, there were large areas of exposed gravel that were devoid of vegetation, suggesting that they are normally in the wetted part of the channel. Discharge will reflect a combination of recent precipitation and also accumulation and runoff of snow from the winter. If the fish were exposed to crowding from high abundance and low water levels and stress from high temperatures and oxygen depletion, they might be susceptible to pathogens. Our analysis of the data on female length and egg retention did not support our hypothesis that large (presumably competitively superior) females would be more successful in spawning. Our observations indicated that many females died without attempting to dig redds, as their tails and caudal regions displayed none of the fraying and scarring typical of females that have been digging and their bodies were not scarred from intrasexual competition. These observations suggested that stressful conditions rather than competitive inferiority played a role in at least some cases. We also did not see a consistent pattern of larger females in the earlier samples within a given season, though this did occur in some cases.
In conclusion, our results clearly demonstrated that under extreme but natural conditions, high rates of egg retention can occur in salmon on the spawning grounds. Recent examination of δ 15 N in a sediment core from Kukaklek Lake indicated that this system has experienced alternating brief periods of high salmon abundance followed by longer periods of lower abundance roughly every 100 years during the last five centuries (Schindler et al. 2006) . Thus the recent levels of abundance are extreme but probably not unprecedented. However, density seems to have contributed to the prespawning mortality in 2004 and 2005, but it was not simply a matter of late-arriving fish being unable to obtain suitable spawning sites; environmental conditions apparently played an important role. Adult sockeye salmon avoid high temperatures (Hyatt et al. 2003; Newell and Quinn 2005) , and high temperatures can contribute to elevated mortality during the lengthy upriver migration of sockeye salmon in the Fraser (Gilhousen 1990) and Columbia (Naughton et al. 2005) rivers. We conclude that some interaction between density, environmental conditions, and perhaps also pathogens caused the mortality. There is a clear warming trend in this region, as indicated by average air temperatures in Iliamna, so such interactions may occur again. The trend is most pronounced in July (0.023°C per year increase from 1950-2006, r 2 = 0.16), with weaker patterns in August (0.022°C per year, r 2 = 0.12) and September (0.016°C per year, r 2 = 0.07).
